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ABSTRACT 
The purpose of this study was to understand radiotherapy-induced dental lesions 
characterized by enamel delamination near the dentin-enamel junction (DEJ) by evaluating 
enamel and dentin nano-mechanical properties and chemical composition before and after in 
vitro and in vivo radiotherapy. For the in vitro group, sections from non-carious third molars 
were exposed to 2 Gy fractions, 5 days/week for 7 weeks for a total of 70 Gy. For the in vivo 
group, five teeth extracted from three patients who had previously undergone radiotherapy 
for head or neck cancer were collected, all teeth had doses greater than 60 Gy. 
Nanoindentation was used to evaluate modulus and hardness, while Raman 
microspectroscopy was used to measure protein/mineral ratios, carbonate/phosphate ratios, 
and phosphate peak width. All measures were completed prior to and following in vitro 
simulated radiation and after in vivo radiation at the same four buccal and lingual sites 500 
and 30 microns from the DEJ in enamel and dentin (E-500, E-30, D-30 and D-500). 
With significance set at P≤0.05 across testing, the modulus and hardness of enamel 
and dentin significantly increased following in vitro and in vivo radiation at all locations. 
Following in vivo radiation, there was a significant decrease in the protein/mineral ratio, the 
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carbonate/phosphate ratio, and phosphate peak width in enamel and dentin.  However, 
following in vitro radiation while some similar significant chemical compositional changes 
occurred, they did not occur across all sites as with in vivo radiation.   
Radiotherapy produced an increase in the stiffness of enamel and dentin near the DEJ.  
Increased stiffness is speculated to be the result of a radiation-induced decrease in the protein 
content in the in vitro and in vivo specimens.  Another possible contribution to increased 
stiffness could be related to a potential increase in the crystallinity of hydroxyapatite in 
enamel noted with in vivo specimens. Collectively, such changes in mechanical properties 
and chemical composition could be linked to DEJ biomechanical failure leading to enamel 
delamination that occurs post-radiotherapy.  However, other analyses are required for a better 
understanding of radiotherapy-induced effects on tooth structure to improve preventive and 
restorative treatments for oral cancer patients. 
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CHAPTER 1 
INTRODUCTION 
Radiotherapy is routinely prescribed to treat patients diagnosed with oral cancer. The 
dose of radiation needed for treatment depends on the type of malignancy, location, and 
whether or not other methods such as surgery or chemotherapy will be used in addition to 
radiotherapy. Most patients receive a dose between 50 and 70 Gy, which is normally given 
over a seven week period, five days a week, once a day with 2 Gy per day (Vissink et al. 
2003). Multiple radiation-induced complications occur after radiotherapy treatment such as 
mucositis, taste loss, xerostomia, and severe dentition breakdown that can result in loss of 
masticatory function (Karmiol and Walsh 1975; Anneroth et al. 1985; Vissink et al. 2003; 
Kielbassa et al. 2006; Silva et al. 2009).  
Post-Radiation Dentition Breakdown 
Radiation-induced dentition breakdown begins to occur within the first year and over 
time becomes more severe (Vissink et al. 2003). Breakdown may become apparent as early 
as three months post-radiation, and in severe cases formerly healthy dentition can be entirely 
destroyed within a year (Jansma et al. 1993; Vissink et al. 2003). Post-radiation dental 
lesions differ in location and pattern of development as compared to caries in non-radiated 
patients. For example, instead of pits, fissures and inter-proximal sites, post-radiation dental 
lesions develop at cervical, cuspal, and incisal areas, sites exposed to occlusal loading and 
associated flexure and are considered more resistant to dental decay. Another type of lesion 
has also been observed, albeit less frequently in which the whole tooth crown has a black-
brown discoloration accompanied by the erosion of the occlusal and incisal surfaces 
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(Jongebloed et al. 1988; Jansma et al. 1993; Vissink et al. 2003). Furthermore, mandibular 
anterior teeth which are normally resistant to caries, seem to be equally or more affected by 
radiotherapy (Karmiol and Walsh 1975). The progression of post-radiation dental decay is 
dissimilar to typical dental decay, with initial enamel shear fracture that can potentially result 
in partial to total enamel delamination leaving the exposed dentin vulnerable to subsequent 
decay (Jongebloed et al. 1988; Jansma et al. 1993). 
Various factors likely contribute to post-radiation dentition breakdown but it has 
previously been thought to be an indirect effect due to irradiation-induced changes in salivary 
gland tissue resulting in hyposalivation (Vissink et al. 2003; Kielbassa et al. 2006; Silva et al. 
2009). A reduced flow of salvia occurs during the first few days of radiotherapy and 
decreases to less than 10% of the original amount. In addition, there is a change within the 
salivary composition such as pH changes and a decreased buffering capacity, which could 
possibly result in the demineralization of both dentin and enamel (Kielbassa et al. 2006). 
However, a recent publication reported that the severity of dentition breakdown is also 
related to the individual tooth dose with three tiers of tooth dose-response. Minimal tooth 
damage occurs below 30 Gy; a 2-3x increased risk of tooth breakdown between 30-60 Gy 
likely related to salivary gland impact; and a 10x increased risk of tooth damage when the 
tooth-level dose is >60 Gy indicating radiation-induced damage to the tooth in addition to 
salivary gland damage (Walker et al. 2011). These findings suggest a direct effect of 
radiation on tooth structure with increasing radiation dose to the tooth. 
Mechanical Property Methodology 
There are various different methods of determining mechanical properties of a tooth 
including fracture toughness, tensile strength, hardness, and Young’s modulus. Fracture 
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toughness is a mechanical property that measures the ability of a material to resist the 
propagation of cracks under a certain state of stress and is commonly evaluated using the 
indentation method (Park 2008). Multiple different in vitro studies have looked at fracture 
toughness in both dentin and enamel (Imbeni et al. 2003; Iwamoto and Ruse 2003; Şakar-
Deliormanli and Güden 2006; Bajaj et al. 2010), and it has been reported that measuring 
fracture toughness is dependent on prism orientation within enamel (Xu et al. 1998). Another 
evaluation technique involves a direct application of tensile load and measures tensile 
strength, the maximum stress that a material can withstand before failure in tension (Hussain 
2008). Numerous in vitro studies have looked at the tensile strength of enamel, dentin, and 
the DEJ (Urabe et al. 2000; Staninec et al. 2002; Giannini et al. 2004; Soares et al. 2010). 
Two other mechanical properties that are frequently measured in vitro are hardness and 
Young’s modulus or elastic modulus (Meredith et al. 1996; Kielbassa et al. 1997; Brauer et 
al. 2011). Hardness measures the resistance of a material to permanent deformation while 
Young’s modulus measures the stiffness of a material (Park 2008). The most effective way of 
measuring both hardness and Young’s modulus is by indentation, either microindentation or 
nanoindentation. Microindentation testing has primarily been used to evaluate hardness 
through Brinell, Rockwell, Knoop, and Vickers hardness tests, however, it can also be used 
to measure Young’s modulus (Xu et al. 1998). Far more common is the use of 
nanoindentation to measure Young’s modulus and hardness, which is advantageous since it 
allows for the indentation measurement in nanometers rather than microns or millimeters and 
is a non-destructive testing method (Fong et al. 2000; Habelitz et al. 2001; Marshall et al. 
2001; Cuy et al. 2002(Fischer-Cripps 2011). 
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Tooth Mechanical Property Evaluations 
With the use of nanoindentation, previous studies have found that Young’s Modulus 
values for enamel ranges anywhere from 70 GPa up to 120 GPa, while hardness values range 
from 3 GPa to 6 GPa (Meredith et al. 1996; Xu et al. 1998; Habelitz et al. 2001; Balooch et 
al. 2004). Variations within these values result from the orientation of enamel rods (Habelitz 
et al. 2001) and site dependent chemical composition (Cuy et al. 2002). Outer enamel near 
the cuspal region tends to have higher Young’s modulus and hardness values when compared 
to enamel near the DEJ, reflecting a mechanical property gradient of enamel. These 
observations strongly correlate with a reduction in the weight percent of the elements 
constituting hydroxyapatite, phosphorous pentoxide and calcium oxide and an increase in the 
weight percent of sodium oxide and magnesium oxide in enamel closer towards the DEJ 
(Cuy et al. 2002). Young’s modulus values of dentin have been reported to range from 17 
GPa to 30 GPa with corresponding hardness values of 0.12 GPa to 3 GPa (Van Meerbeek et 
al. 1993; Kinney et al. 1996; Meredith et al. 1996). Variation within these values is due to the 
difference in type of dentin, either peritubular or intertubular and dentin tubule density 
(Kinney et al. 1996). 
Radiated Tooth Mechanical Property Evaluations 
In vitro radiated tooth mechanical properties. Earlier studies have suggested 
radiation-induced mechanical property changes in both dentin and enamel for tooth 
specimens exposed to in vitro radiation doses greater than 60 Gy. Ultimate tensile strength 
(UTS) via microtensile testing was evaluated and a significant decrease in UTS in both 
enamel and dentin regardless of prism or tubule orientation was observed following an in 
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vitro radiation (Soares et al. 2010). However, microtensile testing of enamel parallel to its 
prismatic orientation was significantly higher with or without radiation. Microtensile testing 
of dentin in non-irradiated specimens showed greater UTS when specimens were tested 
perpendicular to tubule orientation. However, after radiation the effect of tubule orientation 
was non-existent indicating that radiation seems to be harmful to organic elements (Soares et 
al. 2010). Another study evaluated bovine teeth and found a significant decrease in shear 
bond strength at the DEJ following irradiation (Pioch et al. 1992). A majority of the fractures 
occurred in dentin following irradiation, indicating that the stability of the dentin near the 
enamel was measured rather than the bond strength between enamel and dentin. This 
suggests that biophysical properties of teeth are changed due to radiation (Pioch et al. 1992).  
Moreover, earlier works show a dramatic decrease in both elastic modulus and 
hardness of enamel and dentin with in vitro radiation (Franzel et al. 2006; Franzel and 
Gerlach 2009). Both high (6 MeV) and low (125 keV) in vitro irradiation treatments resulted 
in a significant decrease in the hardness of enamel by 73% and dentin by 55%, in addition to 
a reduction in the elastic modulus of enamel by 60% and dentin by 45% (Franzel and Gerlach 
2009). Similarly, an additional study reported a decrease in the hardness of enamel by 94% 
and dentin by 61%, along with a decline in the elastic modulus of enamel by 85% and dentin 
by 66% following in vitro radiation (Franzel et al. 2006). In contrast, another study observed 
no significant change in mechanical properties following in vitro radiation (Brauer et al. 
2008). Teeth were irradiated with two different gamma radiation doses, 7 kGy and 35 kGy. 
In enamel, hardness values showed a statistically non-significant decrease from a control 
value of 4.1 GPa to 4.0 GPa at 7 kGy, and at 35 kGy a decrease to 3.9 GPa, while elastic 
modulus showed no trend. Furthermore, in dentin a statistically non-significant increase was 
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shown for elastic modulus from 18.7 GPa at 0 kGy and 7 kGy to 19.6 GPa at 35 kGy, 
whereas hardness showed no trend (Brauer et al. 2008). Another recent study observed a 
decrease in microhardness of enamel at lower in vitro doses (10-30 Gy) but no significant 
change at higher doses (40-60 Gy), while dentin microhardness decreased at doses ranging 
from 10-60 Gy (Goncalves et al. 2014). 
In vivo radiated tooth mechanical properties. Thus far, studies have merely 
focused on evaluating the mechanical properties of teeth following in vitro radiation (Pioch 
et al. 1992; Franzel et al. 2006; Brauer et al. 2008; Franzel and Gerlach 2009; Soares et al. 
2010). In vivo radiated teeth are extracted post-radiation from patients who have undergone 
radiotherapy for head or neck cancer. In vitro radiation serves as a model to simulate 
radiotherapy that a head or neck cancer patient would normally experience due to the 
difficulty of analyzing in vivo radiated teeth. In vivo teeth display characteristic dental decay 
including enamel delamination, caries, and brown-black tooth discoloration and thus are 
problematic during mechanical testing. 
Potential Variability associated with Previous Tooth Radiotherapy Studies 
It is important to note that there is pronounced variability within the experimental 
methods of these various in vitro studies including differences in storage time and storage 
solution of the tooth specimens (Habelitz et al. 2002; Sultana et al. 2006; Anjum et al. 2009) 
as well differences as to how and where the tooth properties were measured (Cuy et al. 2002; 
Park et al. 2008b; Brauer et al. 2011). Another important source of variability is the 
differences in teeth between patients and even within the same patient. (Whittaker 1982; 
Duke and Lindemuth 1991; Hobson et al. 2001) 
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Storage solution effect. Various storage solutions are available for use including 
Hank’s balanced salt solution (HBSS), human saliva, phosphate buffered saline with 0.002% 
sodium azide (PBS), calcium chloride (10% CaCl2), normal physiologic saline (0.9% NaCl), 
and deionized water (Mill-Q) (Habelitz et al. 2002; Anjum et al. 2009). These solutions are 
used to store and hydrate the tooth post-extraction and during the research testing period, 
which can vary in length depending on the research project. The possible choice of storage 
media is diverse and in order to understand which solutions are more adequately suited for 
storage, studies have evaluated the effects of storage media effects on the mechanical 
properties of enamel and dentin. 
Previous studies have reported that the storage medium 0.9% NaCl significantly 
decreases both modulus and hardness values of enamel just after 1 day, and after 30 days of 
storage in NaCl there was a 47% reduction in hardness and modulus in dentin (Sultana et al. 
2006; Anjum et al. 2009). This is a concern since earlier works studying the effects of 
radiation reported a decrease in both modulus and hardness even with low energy X-ray 
irradiation (125 keV) (Franzel et al. 2006; Franzel and Gerlach 2009). Both of these studies 
utilized 0.9% NaCl storage media and storage solution may be in part why these studies 
demonstrated a dramatic decrease in both modulus and hardness. Another commonly used 
storage medium, HBSS was shown to not significantly alter the hardness or elastic modulus 
of enamel or dentin for up to 30 days (Habelitz et al. 2002; Sultana et al. 2006; Anjum et al. 
2009). A study investigating gamma radiation to sterilize extracted teeth and the associated 
effects on enamel and dentin mechanical properties reported no change in either modulus or 
hardness following irradiation and used HBSS as their storage solution (Brauer et al. 2008). 
Furthermore, PBS has also been reported to not significantly alter the hardness and modulus 
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of both enamel and dentin for up to 30 days (Sultana et al. 2006; Anjum et al. 2009). 
Therefore, based on the literature it can be presumed that either HBSS or PBS would be an 
acceptable storage solution to utilize during research projects. 
Experimental method effect. Another source of variation within these studies is how 
and where mechanical properties were measured. Measurement sites were not well controlled 
in previous studies. For example, a previous study utilized a 2 mm2 region of interest in both 
enamel in dentin, but no measureable distance from a particular region was described 
(Franzel et al. 2006). A later study from the same group used a similar sized region of 
interest; however, the protocol specified only that the enamel measurement was located in the 
cuspal zone while the dentin region was measured near the DEJ (Franzel and Gerlach 2009). 
Similarly, another study provided no precise measurement site, merely that buccal and 
lingual sides in both enamel and intertubular dentin were measured (Brauer et al. 2008). 
Nevertheless, no quantifiable distance from the DEJ or from the outer edge of the enamel 
was detailed in any of these studies. It has been shown that modulus and hardness values of 
enamel are dependent on location within the tooth, with values increasing with distance from 
the DEJ (Cuy et al. 2002; Park et al. 2008b). Due to the gradient like nature of enamel and 
dentin it is imperative that experimental measurements be a calculable distance from a 
certain point within the tooth.  
Furthermore, differing testing methods for nanoindentation methods were utilized in 
various studies. For instance, one study applied a 1000 µN peak load with a holding period of 
100 s for both enamel and dentin (Franzel et al. 2006; Franzel and Gerlach 2009). 
Alternatively, another study method consisted of a 400 µN peak load for dentin and a 2000 
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µN peak load with no mention of a holding period (Brauer et al. 2008). In order to obtain 
reliable and accurate results it is vital that a well-developed method for nanoindentation be 
employed. 
Patient effect. Lastly, variation can result from differences between patients and even 
within the same patient. Patient age has been shown to affect the elastic modulus and 
hardness within enamel; thus, it is vital to account for age and include similar aged teeth 
when conducting comparative studies measuring mechanical properties. Significantly higher 
mechanical properties were reported in teeth from older patients as compared to teeth from 
younger patients (Park et al. 2008b), and there is a change within the chemical composition 
and microstructure of dentin with increasing age (Duke and Lindemuth 1991). Additionally, 
variability can be dependent on tooth side (Brauer et al. 2011) and tooth type (Whittaker 
1982; Hobson et al. 2001). Therefore, it is important to test paired specimens and/or regions 
from the same tooth section to control variability. Previous studies investigating the effects of 
radiation did not reference the age of the extracted third molars that were collected for testing 
(Franzel et al. 2006; Brauer et al. 2008; Franzel and Gerlach 2009). 
Chemical Property Methodologies 
There are several techniques used to assess the chemical properties and structure of 
teeth including Fourier transform infrared spectroscopy (FTIR) (WentrupByrne et al. 1997; 
Tesch et al. 2001), X-ray diffraction (Xue et al. 2008; Tiznado-Orozco et al. 2009), and 
Raman microspectroscopy (Gallagher et al. 2010; Xu et al. 2012). FTIR is a specific type of 
infrared spectrometer which measures the amount of infrared light absorbed by a specimen 
(Smith 2011). FTIR is a non-destructive, noncontact technique that can be used for thick 
specimens. It allows for the identification and quantification of both functional groups of the 
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organic matrix (collagen amides) and of mineral (carbonate and phosphate) in addition to 
mapping the surface of the tooth (Tesch et al. 2001). Another approach is X-ray diffraction 
which involves the scattering of x-rays by crystal atoms to produce a diffraction pattern 
(Mills 1967). This diffraction pattern provides detailed information about crystal size, shape, 
orientation, lattice distortion, and composition of the mineral phase (Mills 1967; Xue et al. 
2008). Finally, Raman microspectroscopy is similar to FTIR but rather than measuring 
absorption it measures the scattering of infrared wavelengths caused by monochromatic laser 
excitation (Tsuda and Arends 1997; Ferraro et al. 2003). Raman microspectroscopy is used to 
obtain information about chemical and molecular structure content and amount in a non-
destructive manner that requires minimal specimen preparation (Tsuda and Arends 1997). 
This method is advantageous over other infrared techniques due to the simple sample 
preparation, linear response to mineral/chemical concentrations, and easy spectral/band 
analysis. Additionally, the Raman technique allows observation of the Raman signals from 
all directions, and the axes of excitation light and detection can be chosen independently 
(Tsuda and Arends 1997). 
Mineralized Tooth Structure Chemical Properties 
 Enamel consists of ~96% (wt. %) mineral, 3% water, and less than 1% organic 
material (Driessens and Verbeeck 1990). The major mineral found in enamel is carbonated 
hydroxyapatite crystals arranged tightly together in prisms oriented perpendicular to the 
surface in enamel (Wen 1989). Dentin is composed of ~70% (wt. %) mineral, 10% water, 
and 20% organic matter (Driessens and Verbeeck 1990). Dentinal organic matter consists 
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primarily of type I collagen, and the major component of mineral in dentin is in the form of a 
carbonate rich, calcium deficient apatite (Marshall et al. 1997). 
Although the chemical composition of both enamel and dentin has been well 
established (Mills 1967; Eanes 1979; Waters 1980; Driessens and Verbeeck 1990), the use of 
the Raman microspectroscopy technique has helped researchers delve further into chemical 
structural detail. For instance, one study observed a decrease in carbonate content 
progressing from inner to outer enamel with corresponding carbonate/phosphate ratios of 
0.08 ± 0.01 (inner) to 0.03 ± 0.01 (outer) (Xu et al. 2012). Additionally, peak width measured 
by full-width at half-maximum (FWHM) of the 𝜈1 vibration band of phosphate at 960 cm-1 
was found to decrease significantly from inner (13.1 ± 0.4 cm-1) to outer enamel (9.7 ± 0.8 
cm-1), thus indicating an increase in crystallinity inner to outer enamel. Another study found 
that the phosphate peak, an indicator of mineral content was found to be highest in enamel 
and lowest in dentin and an opposite trend was observed for the C-H stretching mode which 
is indicative of the protein content variation (Gallagher et al. 2010). The same study 
investigated the DEJ of human third molars and found no unique Raman signature. Using 
Raman microspectroscopy, this study was able to quantify a DEJ width estimate of 7.6 to 8.6 
µm.  
Raman microspectroscopy has also been used to investigate dentin (Tsuda et al. 1996; 
Tsuda and Arends 1997). In comparison to enamel, the Raman spectra of the mineral phase 
in dentin shows a stronger a stronger carbonate (CO3
2-) 𝜈1 band, a more pronounced 
hydrogen phosphate (HPO4
2-) band, a weaker hydroxide (OH-) stretch band, a broader 
bandwidth of phosphate (PO4
2-), and randomization of mineral crystals (Tsuda et al. 1996). 
These differences correlate with dentin having greater concentrations of HPO4 and CO3 in 
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addition to smaller amounts of OH and Ca thus leading to greater crystal imperfections in 
dentin as compared to enamel. This study was also not able to detect any differences between 
root and coronal dentin (Tsuda et al. 1996). Although many studies have looked at enamel 
and dentin using Raman microspectroscopy no study thus far has observed the chemical 
properties of radiated teeth using this technique. 
Radiated Tooth Chemical Property Evaluations 
Thus far, studies have only focused on evaluating the chemical composition of teeth 
following in vitro radiation. As mentioned previously, in vivo teeth are difficult to analyze 
due to breakdown following radiotherapy and accordingly, in vitro radiation serves as a 
model to simulate radiotherapy that a head or neck cancer patient would normally 
experience. Earlier studies have speculated that in vitro radiation exposure does not have a 
direct effect on the inorganic composition of teeth and suggested that changes within the 
organic matrix of teeth might occur instead, leading to alterations in enamel or dentin that 
occur following radiotherapy (Jansma et al. 1988; Goncalves et al. 2014). In order to 
determine if in vitro radiation affected the structure or chemistry of teeth, one study 
measured the rate of decalcification in control teeth as compared to teeth radiated with a dose 
of 65 Gy, and found no significant difference in enamel solubility (Wiemann et al. 1972). 
The same study also used dispersion staining and found no difference in the resulting 
dispersion staining colors between the control group and in vitro radiated teeth and therefore 
concluded that radiation had no effect on the structure of chemistry of teeth. Another study 
evaluated changes in the crystallinity and calcium phosphorus ratios via X-ray diffraction in 
teeth exposed to 120 Gy (Zach 1976). While this dose is lethal in vivo it was utilized in order 
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to magnify any alterations that might occur within the tooth, however, no differences were 
found between the control teeth and the radiated teeth. 
Combined Mechanical and Chemical Properties Following Radiotherapy 
Many studies have looked at the mechanical and chemical properties of sound human 
enamel and dentin separately. Some studies have even correlated chemical structure with 
mechanical properties of non-radiated teeth. For example, previous studies used Raman 
microspectroscopy to correlate chemical structure with mechanical properties measured by 
nanoindentation (Gallagher et al. 2010; Xu et al. 2012; Zheng et al. 2013). However, similar 
studies have not been done to evaluate the effects of radiotherapy on tooth structure.  
Earlier works have solely focused on evaluating the mechanical properties of teeth 
following in vitro radiation (Pioch et al. 1992; Franzel et al. 2006; Brauer et al. 2008; Franzel 
and Gerlach 2009; Soares et al. 2010).  Varying experimental methods including differences 
in storage solution, how and where tooth properties were measured and variances between 
and within patients may have contributed to the contradictory results observed. Thus far, no 
study has yet evaluated the correlation between mechanical properties and chemical structure 
changes after in vitro radiation with optimum control of variability effects. Likewise, no 
study to date has evaluated either the mechanical or chemical properties or the correlation 
between the two for in vivo radiated teeth extracted from patients who have undergone 
radiotherapy for head or neck cancer. 
Problem Statement 
With the use of both nanoindentation and Raman, we propose to measure nano-
mechanical properties and chemical composition of teeth from similar positions on the same 
 14 
 
tooth before and after in vitro radiation simulating oral cancer radiotherapy. Additionally, all 
studies thus far have solely investigated the properties of in vitro radiated teeth. This study 
will also examine the effects of radiotherapy on both mechanical properties and chemical 
structure of in vivo teeth from patients who have undergone radiotherapy for head and neck 
cancer.  
Hypotheses 
1. Mechanical properties of both enamel and dentin will vary following simulated in 
vitro radiation treatment and/or in vivo radiation therapy. 
2. Chemical composition of both enamel and dentin will vary following simulated in 
vitro radiation treatment and/or in vivo radiation therapy. 
3. There will be a correlation between the change in mechanical properties and chemical 
composition. 
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CHAPTER 2 
MATERIALS AND METHODS 
In Vitro Simulated Radiation 
Seven non-carious third molars previously extracted from individuals aged 18-20 
years old were collected according to the protocol approved by the University of Missouri-
Kansas City adult health science institutional review board. Excess soft tissue was removed 
and the teeth were stored at 4 °C in phosphate buffered saline1 (PBS, pH 7.4) with 0.002% 
sodium azide (NaN3) to inhibit microbial contamination. A slow-speed water-cooled 
diamond saw2 was used to remove the roots from the molars. The remaining crowns were 
then sectioned buccolingually to generate a 2-mm-thick cross-sectional slice centered on the 
mesiobuccal and mesiolingual cusps. The sections were adhered in an upright position to a 
small glass cover slip3 using sticky wax4 (Fig. 1). Individual tooth sections were placed into a 
20 mL scintillation vial5. Teeth sections were irradiated in a Varian 2100iX linear accelerator 
using an energy of 6 MV photons6. To simulate oral cancer radiotherapy, teeth sections were 
exposed to 2 Gy fractions, five days a week for seven weeks for a total of 35 fractions equal 
to 70 Gy. Additionally, to simulate reduced intraoral moisture conditions experienced by 
patients, enough PBS was placed in the vial to cover the slide but not submerge the tooth 
section. Following radiation, teeth sections remained in the vials with the same minimal 
amount of PBS and were stored at 4°C. 
                                                 
1 Sigma-Aldrich, 3050 Spruce Street, St. Louis, MO, 63103. 
2 Buehler Ltd., 41 Waukegan Road, Lake Bluff, IL, 60044. 
3 ThermoFisher Scientific, 81 Wyman Street, Waltham, MA, 02454. 
4 Hygenic Corporation, 1245 Home Avenue, Akron, OH, 44310. 
5 Midwest Scientific, 280 Vance Road, Valley Park, MO, 63088. 
6 Kansas City Cancer Center, 12200 West 110th Street, Overland Park, KS, 66210.  
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                          Figure 1. Tooth section adhered to glass cover slip  
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In Vivo Radiation 
Three molars and two premolars collected from three patients needing extractions 
who had previously undergone radiotherapy for head or neck cancer were collected 
according to the protocol approved by the University of Missouri-Kansas City adult health 
science institutional review board (DE021462). A radiation physicist reviewed the patients 
computerized treatment plans to calculate the cumulative dose for the crown of each radiated 
tooth. All five teeth had radiation doses greater than 60 Gy. 
Excess soft tissue was removed and the teeth were stored for one month up to six 
years at 4 °C in PBS (pH 7.4) with 0.002% NaN3 to inhibit microbial contamination. Before 
analyses, a slow-speed water-cooled diamond saw was used to remove the roots from the 
teeth. For the molars, the remaining crowns were then sectioned buccolingually to generate a 
2-mm-thick cross-sectional slice centered on the mesiobuccal and mesiolingual cusps. The 
premolars were sectioned buccolingually to generate a 2-mm-thick cross-sectional slice 
centered on the buccal and lingual cusp. Teeth sections were stored in a 20 mL scintillation 
vial with PBS at 4°C.  
Nanoindentation 
 Nanoindentation analyses of the in vitro radiated tooth sections were completed prior 
to and three and a half to five and a half months following simulated radiotherapy. In vivo 
tooth section analyses occurred four to seventeen years following radiotherapy. Prior to 
analyses with in vitro or in vivo specimens, the sections were sequentially polished under 
water using 600- and 1200-grit SiC paper and a ChemoMet polishing cloth7. For all analyses, 
                                                 
7 Buehler Ltd., 41 Waukegan Road, Lake Bluff, IL, 60044. 
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tooth sections were evaluated at four buccal and lingual sites on a line located directly 
adjacent to the lowest portion of the occlusal fossa DEJ and parallel to the occlusal cusps. 
The sites were positioned 30 µm and 500 µm away from the DEJ in both enamel and dentin, 
E-500, E-30, D-30, D-500 (Fig. 2). At each site, ten measurements were collected 
perpendicular to the line traversing the buccal and lingual sites with 5 µm between points.  
 
 
Figure 2. Buccal and lingual analyses sites. 
(A) E-500, (B) E-30, (C) D-30, (D) D-500. 
 
Data points were acquired using a nanoindenter8 attached to a Nanoscope IIIa atomic 
force microscope9. A diamond-tipped indenter with an equilateral triangular base (Berkovich 
geometry) was calibrated before mechanical data collection. Loading and unloading rates of 
250 µN/s, a holding segment time of 3 seconds, and a peak force of 2500 µN were utilized. 
                                                 
8 Triboscope, Hystiron Inc., 9625 West 76th Street, Eden Prairie, MN, 55344. 
9 AFM, Digital Instruments Inc., 112 Robin Hill Road, Santa Barbara, CA, 93117. 
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In order to prevent specimen drying, mechanical data was collected with the tooth section 
covered in distilled water.  
Using the Oliver-Pharr method (Lewis and Nyman 2008), initial parts of the 
unloading curve obtained from generated force-displacement curves (Fig. 3) were analyzed 
to provide elastic modulus (E) and hardness (H) values for each nanoindentation. The values 
of Young’s modulus and hardness of enamel and dentin were obtained via the Hysitron 
software based on the following equations: 
Young’s modulus: 
1
𝐸𝑟
=
1 − 𝑣𝑚
2
𝐸𝑚
+
1 − 𝑣𝑖
2
𝐸𝑖
 
Where 𝑣𝑚 and 𝐸𝑚 are Possion’s ratio and the elastic modulus of the material, respectively. In 
addition, 𝑣𝑖 and 𝐸𝑖 are Possion’s ratio and elastic modulus, respectively, for the indenter. 
Hardness: 
𝐻 =
𝑃
𝑘1ℎ𝑃
2  
Where P is the load (applied force during indentation), k1 is a constant representing indenter 
geometry parameter, which is 24.5 for the Berkovich indenter (𝑘 =  √3𝑡𝑎𝑛2𝜃, where 𝜃 =
65.3), and hp is the plastic penetration component. 
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Figure 3. Typical force-displacement curve 
obtained using a nanoindenter. 
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Raman Microspectroscopy 
A LabRam HR 800 Raman spectrometer10 operating at an excitation power of 20 mW 
with monochromatic radiation emitted by a He-Ne laser (632.8 nm) was used. During Raman 
data collection, the following parameters were used: 600 groove/mm grating, 400 μm 
confocal hole, and 150 µm slit width. Spectra were Raman-shift-frequency-calibrated using 
known lines of silicon. 
Raman analyses of the in vitro radiated tooth sections were completed prior to and 
three and a half to five and a half months following simulated radiotherapy. In vivo tooth 
sections were analyzed four to seventeen years following radiotherapy. Using the same 
approach to orient the tooth sections, Raman spectra were collected at the same four buccal 
and lingual sites that were analyzed with nanoindentation. Micro-Raman spectra were 
collected using a 100X-immersed objective (Olympus, 1.00w) focused on the tooth sections. 
Spectra were collected in the region of 50 to 4000 cm-1 at 5-µm intervals using a 60-s 
integration time for dentin and a 30-s integration time for enamel. A high-resolution monitor 
enabled visual identification of the position at which the Raman spectra were obtained. 
Spectral data analysis 
Labspec 5 software11 was used to analyze the acquired Raman data. After spectral 
smoothing, the spectra were adjusted by multiple point baseline correction. The peak 2931 
cm-1 is assigned to the C-H stretching/deformation of organic matrix, the peak 430 cm-1 is 
assigned to 2 vibration of the phosphate group in hydroxyapatite. The 2 vibration peak of 
                                                 
10 Horiba Scientific, 3880 Park Avenue, Edison, NJ, 08820. 
11 Horiba Scientific, 3880 Park Avenue, Edison, NJ, 08820. 
 22 
 
phosphate at 430 cm-1 was selected as the inner standard for the normalization adjustment for 
the protein to mineral ratios. 
The peak at 1070 cm-1 is assigned to 1 vibration of the carbonate group (B type of 
carbonate) in hydroxyapatite; the peak at 960 cm-1 is assigned to 1 vibration peak of the 
phosphate group in hydroxyapatite. The 1 vibration peak of phosphate at 960 cm-1 was 
selected as the inner standard for the normalization adjustment of the mineral ratios.  
 Based on the Raman spectral data, the ratio of protein at 2931 cm-1 to phosphate at 
430 cm-1 was calculated to analyze differences in protein composition in both enamel and 
dentin. Likewise, the ratio of carbonate at 1070 cm-1 to phosphate at 960 cm-1 was obtained 
to analyze differences in mineral composition in both enamel and dentin. In addition, the 
width of the phosphate peak at 960 cm-1, as measured by full-width at half-maximum 
(FWHM), was calculated at each spectrum to reflect the degree of crystallinity within enamel 
and dentin (Parayanthal and Pollak 1984; Freeman et al. 2001; Pucéat et al. 2004). The 
carbonate/phosphate ratio and phosphate peak at 960 cm-1 have been used to explain 
hydroxyapatite crystallinity associated with carbonate content and correlated to the hardness 
and modulus properties of enamel (Freeman et al. 2001; Pucéat et al. 2004; Xu et al. 2012). 
Experimental Design 
 There is one independent variable, type of radiation (in vitro and in vivo), as 
compared to non-radiated controls. The radiation effect will be evaluated at eight different 
measurement sites based on their distance from the DEJ: 500 µm into enamel, 30 µm into 
enamel, 30 µm into dentin, and 500 µm into dentin. The dependent variables measured at the 
eight sites are modulus, hardness, the ratio of carbonate at 1070 cm-1 to phosphate at 960 cm-
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1, the ratio of protein at 2931 cm-1 to phosphate at 430 cm-1, and the peak width of the 
phosphate band at 960 cm-1 as measured by FWHM. The in vitro radiated component is a 
one-factor repeated measures design, while the in vivo radiated aspect is a one-factor non-
repeated measures design. Tables 1 and 2 show schematic representations of each of the 
research designs.  
Sample Size 
 A convenience sample of an individual section from seven third molars will be 
assigned to the in vitro radiation group. A sample of an individual section from five teeth (3 
molars, 2 premolars) that received in vivo radiation will make up the in vivo radiation group. 
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TABLE 1 
IN VITRO SIMULATED RADIATION EXPERIMENTAL DESIGN 
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TABLE 2 
IN VIVO RADIATION EXPERIMENTAL DESIGN 
Measurement 
Site 
Radiation 
Type 
Modulus 
(GPa) 
Hardness 
(GPa) 
1070/960 
cm-1 Ratio 
2931/430 cm-
1 Ratio 
FWHM 960 
cm-1 Peak 
Width 
Enamel 500 
µm from DEJ 
Non-radiated 
Control 
     
In vivo 
radiated 
     
Enamel 30 
µm from DEJ 
Non-radiated 
Control 
     
In vivo 
radiated 
     
Dentin 30 µm 
from DEJ 
Non-radiated 
Control 
     
In vivo 
radiated 
     
Dentin 500 
µm from DEJ 
Non-radiated 
Control 
     
In vivo 
radiated 
     
 
*N=5 
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Statistical Analyses 
A statistical software program was used to analyze data12. Modulus, hardness, 
1070/960 cm-1 ratio, 2931/430 cm-1 ratio, and FWHM 960 cm-1 peak width were 
quantitatively calculated to determine descriptive statistics such as mean, standard deviation, 
and where significant differences were found, effect size and power were included. In vitro 
simulated radiotherapy data will be compared using a repeated measures analysis of variance 
(RMANOVA), α = 0.05. Furthermore, a one-factor analysis of variance (ANOVA), α = 0.05, 
will be used to analyze the effects of in vivo radiation on both mechanical properties and 
chemical composition of teeth at the 4 sites. To determine any association between 
mechanical properties and chemical compositional changes of teeth following in vitro and in 
vivo radiotherapy a Pearson’s correlation will also be utilized. 
 
 
 
 
 
 
 
  
                                                 
12 IBM SPSS Version 23, 1 N Castle Drive, Armonk, NY, 10504. 
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CHAPTER 3 
RESULTS 
In Vitro Simulated Radiation  
Nanoindentation 
Figures 4 and 5 represent mean and standard deviation values for modulus and 
hardness at each measurement site before and after in vitro simulated radiation. A repeated 
measures analysis of variance (RMANOVA) indicated that at each measurement site both 
modulus and hardness values were significantly higher (P<0.05) after radiation treatment in 
vitro with an observed power of 1.0.  Additionally, the associated effect size for modulus 
values at all measurement sites was greater than 0.50 indicating that 50% of the modulus 
increase is associated with radiation. However, the effect size of hardness was greater than 
0.50 only at the D-30 location. Hardness effect size at the other three sites, E-500, E-30, and 
D-500 were 0.18, 0.24, and 0.36, respectively. 
 28 
 
 
Figure 4. Mean modulus before and after in vitro simulated radiotherapy. Four measurement 
sites (n =7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 µm into dentin 
(D-30); 500 µm into dentin (D-500). Error bars represent SD. *Modulus was significantly 
higher (P<0.05) at all sites following in vitro simulated radiotherapy. 
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Figure 5. Mean hardness before and after in vitro simulated radiotherapy. Four measurement 
sites (n =7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 µm into dentin 
(D-30); 500 µm into dentin (D-500). Error bars represent SD. *Hardness was significantly 
higher (P<0.05) at all sites following in vitro simulated radiotherapy. 
Raman Microspectroscopy 
Representative Raman spectra for E-30 and D-30, before and after in vitro radiation 
are presented in figure 6, with no noticeable differences observed following in vitro radiation 
except at E-30 where a decrease in the 2931 cm-1 peak is noted. Figures 7, 8, and 9 represent 
the mean and standard deviation values for the protein to mineral ratio (2931/430 cm-1), 
carbonate to phosphate ratio (1070/960 cm-1), and phosphate peak width as measured by 
FWHM at 960 cm-1 at each measurement site before and after in vitro simulated radiation. 
Based on the  RMANOVA, the protein to mineral ratio showed a significant (P≤0.05) 
decrease at E-500, E-30, and D-30 after in vitro radiation with an observed power of at least 
0.95 and an effect size of 0.32, 0.35, and 0.17, respectively.  The carbonate/phosphate ratio 
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showed a significant (P<0.05) increase at E-30 and a significant (P<0.05) decrease at D-500 
with an observed power of 0.99 and an effect size of 0.26 and 0.28, correspondingly.  
Phosphate peak width showed a significant (P<0.05) decrease at both D-30 and D-500 with 
an observed power of 1.0 and an effect size of 0.30 and 0.40, respectively. 
 
Figure 6. Representative Raman spectra before and after in vitro simulated radiotherapy. 
Spectra are from enamel and dentin sites 30 microns from the DEJ (E-30 and D-30) and were 
normalized based on 𝜈1 of the phosphate 960 cm-1 peak height. 
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Figure 7. Mean ratios of 2931/430 cm-1 before and after in vitro simulated radiotherapy. Four 
measurement sites (n = 7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 
µm into dentin (D-30); 500 µm into dentin (D-500). Error bars represent SD. *The 
protein/mineral ratio is significantly lower (P<0.05) at E-500, E-30, and D-30 following in 
vitro simulated radiotherapy 
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Figure 8. Mean ratios of 1070/960 cm-1 before and after in vitro simulated radiotherapy. Four 
measurement sites (n = 7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 
µm into dentin (D-30); 500 µm into dentin (D-500). Error bars represent SD. *The 
carbonate/phosphate ratio is significantly higher (P<0.05) at E-30, and significantly lower at 
D-500 following in vitro simulated radiotherapy. 
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Figure 9. Mean FWHM of 960 cm-1 before and after in vitro simulated radiotherapy. Four 
measurement sites (n = 7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 
µm into dentin (D-30); 500 µm into dentin (D-500). Error bars represent SD. *The peak 
width is significantly lower (P<0.05) at both dentin sites following simulated radiotherapy. 
Correlation between Mechanical Properties and Chemical Composition 
Based on a Pearson correlation analysis, there were no significant correlations 
between modulus or hardness values and the protein/mineral ratio, the carbonate/phosphate 
ratio, or the phosphate peak width following simulated in vitro radiation. Correlations 
between chemical composition and modulus ranged from -0.62 to 0.45 while hardness ranged 
from -0.52 to 0.55. 
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In Vivo Radiation 
Nanoindentation 
Figures 10 and 11 represent mean and standard deviation values for modulus and 
hardness values at each measurement site for control and in vivo radiated specimens. A one-
factor analysis of variance (ANOVA) indicated that at each measurement site modulus and 
hardness values were significantly higher (P<0.05) after radiation treatment in vivo. Modulus 
values demonstrated an observed power greater than 0.99 at the four sites E-500, E-30, D-30, 
and D-500 with an effect size of 0.08, 0.24, 0.26, and 0.13, respectively. Moreover, the 
observed power for hardness values was 1.0 at all measurement sites except for D-500 which 
had an observed power of 0.58. The effect size of hardness at the four sites, E-500, E-30, D-
30, and D-500 was 0.18, 0.27, 0.22, and 0.02, correspondingly. 
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Figure 10. Mean modulus of control and in vivo radiated specimens. Four measurement sites 
(n =7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 µm into dentin (D-
30); 500 µm into dentin (D-500). Error bars represent SD. *Modulus was significantly higher 
(P<0.05) at all sites following in vivo radiotherapy. 
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Figure 11. Mean hardness of control and in vivo radiated specimens. Four measurement sites 
(n =7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 µm into dentin (D-
30); 500 µm into dentin (D-500). Error bars represent SD. *Hardness was significantly 
higher (P<0.05) at all sites following in vivo radiotherapy. 
Raman Microspectroscopy 
 Representative Raman spectra for E-30 and D-30, before and after in vitro radiation 
are presented in figure 12, with no noticeable differences observed following in vitro 
radiation except at E-30 where a decrease in the 2931 cm-1 peak is noted. Figures 13, 14, and 
15 represent the mean and standard deviation values for the protein/mineral ratio, 
carbonate/phosphate ratio, and phosphate peak width at each measurement site for control 
and in vivo radiated specimens. An ANOVA indicated that the protein to mineral ratio 
showed a significant (P≤0.05) decrease at each measurement site following in vivo radiation 
with an observed power of at least 0.71 for all sites except E-30 which had an observed 
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power of 0.53. The effect sizes for the sites E-500, E-30, D-30, and D-500 were 0.05, 0.04, 
0.08, and 0.10, respectively. The carbonate/phosphate ratio showed a significant (P<0.05) 
decrease at all sites with an observed power greater than 0.93 at all sites except D-30 which 
had an observed power of 0.61. Effect sizes for the sites E-500, E-30, D-30, and D-500 were 
0.17, 0.10, 0.04, and 0.24, correspondingly. Phosphate peak width showed a significant 
(P<0.05) decrease at all sites with an observed power of 1.0 except at E-500 which had an 
observed power of 0.63. The effect size for the sites E-500, E-30, D-30, and D-500 were 
0.04, 0.27, 0.46, and 0.45, respectively. 
 
 
 38 
 
Figure 12. Representative Raman spectra before and after in vivo radiation. Spectra are from 
enamel and dentin sites 30 microns from the DEJ (E-30 and D-30) and were normalized 
based on 𝜈1 of the phosphate 960 cm-1 peak height. 
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Figure 13. Mean ratios of 2931/430 cm-1 of control and in vivo radiated specimens. Four 
measurement sites (n = 7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 
µm into dentin (D-30); 500 µm into dentin (D-500). Error bars represent SD. There was no 
significant difference between control specimens and in vivo radiated specimens. 
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Figure 14. Mean ratios of 1070/960 cm-1 of control and in vivo radiated specimens. Four 
measurement sites (n = 7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 
µm into dentin (D-30); 500 µm into dentin (D-500). Error bars represent SD. *The 
carbonate/phosphate ratio is significantly lower (P<0.05) at all sites following in vivo 
radiotherapy. 
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Figure 15. Mean FWHM of 960 cm-1 of control and in vivo radiated specimens.  Four 
measurement sites (n = 7 teeth): 500 µm into enamel (E-500); 30 µm into enamel (E-30); 30 
µm into dentin (D-30); 500 µm into dentin (D-500). Error bars represent SD. *The peak 
width is significantly lower (P<0.05) at all sites following in vivo radiotherapy. 
Correlation between Mechanical Properties and Chemical Composition 
Based on a Pearson correlation analysis, there were no significant correlations 
between hardness values and the protein/mineral ratio, the carbonate/phosphate ratio, or the 
phosphate peak width following in vivo radiation. The non-significant correlations between 
chemical composition and hardness ranged from -0.82 to 0.46.  
There were also no significant correlations between modulus values and the 
protein/mineral ratio, phosphate peak width, or the carbonate/phosphate ratio at E-500 and 
both dentin sites.  Non-significant correlations between chemical composition and modulus 
values ranged from -0.56 to 0.46. However, there was a significant correlation (P<0.05) 
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between modulus values and the carbonate/phosphate ratio at the E-30 measurement site with 
a correlation of -0.93. 
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CHAPTER 4 
DISCUSSION 
 While previous studies have correlated chemical structure with mechanical properties 
of non-radiated teeth (Gallagher et al. 2010; Xu et al. 2012; Zheng et al. 2013), similar 
studies have not evaluated the effects of radiotherapy on tooth structure. With the combined 
use of nanoindentation and Raman microspectroscopy, this study evaluated both mechanical 
properties and chemical composition of teeth at similar positions on the same tooth before 
and after in vitro simulated oral cancer radiotherapy and from in vivo teeth from patients who 
have undergone radiotherapy for head or neck cancer. 
Mechanical Properties 
Since there is no methodology to allow testing teeth prior to and after in vivo 
radiotherapy, a key part of this study was developing an in vitro model that controlled as 
many variables as possible while simulating oral cancer radiotherapy. Based on the results 
from that model, there was a significant increase in elastic modulus and hardness after 
simulated oral cancer radiotherapy at all of the evaluated sites in enamel and dentin. 
Similarly, the in vivo radiated specimens also demonstrated a significant increase in elastic 
modulus and hardness in enamel and dentin after radiotherapy. While no study thus far has 
examined in vivo specimens, the in vitro results are dissimilar to earlier reports of a decrease 
in elastic modulus and hardness (Franzel et al. 2006; Franzel and Gerlach 2009) or no 
significant change in mechanical properties (Brauer et al. 2008) following in vitro radiation. 
An earlier study reported that both high (6 MeV) and low (125 keV) in vitro radiation 
resulted in a significant decrease in the hardness of enamel by 73% and 55% in dentin, in 
addition to a reduction in the elastic modulus of enamel by 60% and 45% in dentin (Franzel 
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and Gerlach 2009). Similarly, another study by the same group reported a decrease in the 
hardness of enamel by 94% and 61% in dentin, along with a decrease in the elastic modulus 
of enamel by 85% and 66% in dentin following 60 Gy in vitro radiation (Franzel et al. 2006). 
However, these studies utilized a storage medium of 0.09% NaCl, which has been reported to 
significantly decrease modulus and hardness of enamel just after one day (Sultana et al. 
2006; Anjum et al. 2009). Thus, storage solution may be in part why these studies 
demonstrated a dramatic decrease in both modulus and hardness rather than measuring the 
effects of radiation. In contrast, another study reported no significant difference following 
irradiation with two different gamma radiation doses, 7 kGy and 35 kGy (Brauer et al. 2008) 
when tooth specimens were stored in Hank’s balanced salt solution, which has been shown to 
not significantly alter the hardness or elastic modulus of enamel or dentin (Habelitz et al. 
2002; Sultana et al. 2006). Another recent study reported a decrease in microhardness in 
enamel at lower in vitro doses (10-30 Gy), but no significant change at higher doses (40-60 
Gy), while dentin microhardness decreased at doses ranging from 10-60 Gy (Goncalves et al. 
2014).Varying experimental methods including differences in storage solutions, how and 
where tooth properties were measured, and differences between and within each patient’s 
teeth may be related to the contradictory results observed between previous studies and the 
current study. 
Chemical Composition 
Raman microspectroscopy was used to determine any chemical composition changes 
in order to potentially explain the observed increase in modulus and hardness following in 
vitro and in vivo radiation. Previous studies have speculated that therapeutic radiation 
exposure does not have a direct effect on the inorganic (mineral) composition of teeth and 
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suggested that changes within the organic (protein) matrix of teeth might occur instead, 
leading to alterations in enamel or dentin that occur following radiotherapy (Jansma et al. 
1988; Goncalves et al. 2014). In support of that theory, two early studies observed no change 
in the calcium/phosphorous ratios, crystallinity, or solubility of enamel using decalcification 
techniques or X-ray diffraction following in vitro radiation at therapeutic levels (Wiemann et 
al. 1972; Zach 1976). Similar to those earlier studies, the current study also did not 
demonstrate any radiation-induced chemical changes in the inorganic composition of enamel 
that could explain the mechanical property changes noted with the in vitro specimens. In 
contrast, with the in vivo irradiated specimens, there was a change in the inorganic 
composition of enamel as reflected by a significant decrease in the carbonate/phosphate ratio 
and phosphate peak width. The inorganic compositional changes observed in vivo suggest a 
potential increase in the degree of crystallinity of hydroxyapatite in enamel that may play a 
role in the corresponding increase in modulus and hardness seen near the DEJ following 
radiotherapy. Moreover, an alteration in the degree of crystallinity and the consequent 
increase in mechanical properties could cause enamel to become more brittle (Park et al. 
2008a), possibly leading to subsequent enamel delamination following radiotherapy. 
Importantly, the in vivo specimens demonstrated a strong correlation (r=0.93) between 
modulus and the carbonate/phosphate ratio at the E-30 measurement site where enamel 
delamination is thought to initiate. Perhaps the contradictory chemical compositional results 
between the in vitro and in vivo radiation groups may be due to the in vitro model not being 
able to accurately replicate the clinical course of post-radiation dentition breakdown. 
 As mentioned previously, earlier studies speculated that radiotherapy alters the 
organic matrix of enamel (Jansma et al. 1988; Goncalves et al. 2014). In this study, the 
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protein/mineral ratio decreased significantly following both in vitro and in vivo radiation in 
enamel. These results support the assumption of organic compositional changes occurring 
post-radiation. A radiation-dependent decrease in the protein content as implied from the 
protein/mineral ratio data could potentially explain the corresponding increase in hardness 
and modulus in both in vitro and in vivo radiated groups. Likewise, a previous study reported 
an increase in elastic modulus as a result of lower organic content in enamel (He and Swain 
2009). Mechanistically, it can be speculated that decreases in the protein/mineral ratio may 
be due in part to collagen structural alterations in enamel. Previously it was believed that 
enamel was mainly protein-free and non-collagenous in nature (Fincham et al. 1999). 
However, it has been recently reported that both type IV and type VII collagen, are present 
within the inner enamel organic matrix layer neighboring the dentinal surface. (McGuire et 
al. 2014a; McGuire et al. 2014d). Together, types IV and VII collagen in the enamel organic 
matrix may play a role in linking enamel to dentin by forming multimeric complexes with 
dentinal type I collagen across the DEJ. Analogous to the mechanical stability of the dermal-
epidermal junction seen in skin, this model could contribute to the stability of the DEJ 
(McGuire et al. 2014a; McGuire et al. 2014c). Notably, it has recently been demonstrated 
that type IV collagen immunoreactivity within the enamel organic matrix was dramatically 
decreased following high dose in vivo radiotherapy (McGuire et al. 2014a). Thus, it can be 
speculated that a radiotherapy-induced decrease in type IV and type VII collagen in enamel 
may be due to direct radiolysis or indirectly, due to radiation activation of an enzyme-
catalyzed degradation of the organic matrix. Radiotherapy has been shown to activate 
existing matrix metalloproteinases (MMPs) in other tissues (Araya et al. 2001; Strup-Perrot 
et al. 2006; Gogineni et al. 2009), and MMPs are known to assist tumor cells during 
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metastasis (Deryugina and Quigley 2006). Recently, MMP-20 has been identified within the 
organic matrix layer of adult human enamel (McGuire et al. 2014b). Thus, a radiation-
activated MMP-20-catalyzed degradation of the enamel organic matrix could occur following 
radiotherapy. Whether direct or indirect, the radiation-induced reduction in the 
protein/mineral ratio could lead to the associated modulus and hardness increase observed in 
both the in vitro and in vivo groups. Assuming enamel organic matrix constituents play a part 
in linking enamel to dentin, any radiation-induced change occurring within that collagenous 
structure could potentially impact the stability of the DEJ leading to subsequent enamel 
delamination which occurs following radiotherapy. Recently, an in vitro study (Goncalves et 
al. 2014) described increasing post-radiation morphological changes in the interprismatic 
structure of enamel coinciding with the enamel organic matrix with increasing irradiation 
dose (30 versus 60 Gy). 
 Comparable to our radiotherapy-related enamel organic changes, we also 
demonstrated a decrease in the dentin protein/mineral ratio in both the in vitro and in vivo 
radiated groups. Nevertheless, it is important to note that the relative percent reduction of the 
protein/mineral ratio in the enamel organic matrix was much greater (20-77%) as compared 
to dentin (4-10%). Similar to a radiation-induced decrease in the collagen components of 
enamel, a reduction in type I collagen in dentin may also be due indirectly to a comparable 
enzyme-catalyzed degradation. Recently, an in vitro study demonstrated degradation of the 
dentinal collagen fibers in addition to the presence of fissures in dentinal structure after 30 
Gy and tubule obliteration after 60 Gy exposure (Goncalves et al. 2014). However, it is 
important to recall that post-radiation lesions clinically begin with initial shear fracture of 
enamel near the DEJ, resulting in partial to total delamination of enamel (Jongebloed et al. 
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1988; Jansma et al. 1993). Thus, relatively speaking, the degradation of dentinal collagen 
may not be the primary contributing factor, since the initial failure following radiotherapy is 
in enamel near the DEJ. 
Clinical Significance 
Multiple radiation-induced complications occur after radiotherapy treatment 
including taste loss, xerostomia, mucositis, and severe dentition breakdown that can result in 
loss of masticatory function and a diminished quality of life (Karmiol and Walsh 1975; 
Anneroth et al. 1985; Vissink et al. 2003; Kielbassa et al. 2006; Silva et al. 2009). Previously, 
full mouth extractions were prescribed prior to radiotherapy; however, current post-
radiotherapy treatment strategies involve preserving as many healthy teeth as possible since 
dentures are not well tolerated by radiated oral mucosa (Andrews and Griffiths 2001; Ord 
and Blanchaert 2001). Accordingly, it is imperative that the underlying mechanism 
associated with post-radiotherapy dentition breakdown be understood. It has also been shown 
that in vitro radiation contributes to a reduction in bond strength of resin-base composite to 
both dentin and enamel, negatively impacting successful restoration of radiation-damaged 
teeth (Naves et al. 2012). Therefore, it is imperative to develop protocols which minimize or 
counteract radiotherapy-induced damage to dental hard tissues, including the simulated 
mouthwash protocols using sodium fluoride or chlorhexidine that were reported to prevent in 
vitro radiation-induced property changes of dentin and enamel (Soares et al. 2011). Since it is 
hypothesized that a radiation activated MMP-catalyzed degradation of the organic matrix 
occurs following radiotherapy, perhaps future treatment may include MMP inhibitors 
(MMPIs). Previously, MMPIs were developed as a means to control metastasis of cancer 
however, they have also been studied for the prevention of dental erosion and degradation of 
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collagen fibrils in hybrid layers (Zucker et al. 2000; Breschi et al. 2010; Kato et al. 2010). As 
mentioned previously, a 10x increased risk of tooth damage occurs when the tooth-level dose 
is >60 Gy suggesting a direct effect of radiation on tooth structure with an increasing 
radiation dose (Walker et al. 2011). Thus, during the radiotherapy planning process 
consideration of limiting the mean tooth dose to less than 60 Gy should be implemented if 
possible.  
Study Limitations 
 This study investigated the effects of simulated radiotherapy on the mechanical 
properties and chemical composition of enamel and dentin. As already mentioned, an in vitro 
model simulating oral cancer radiotherapy was developed in order to control as many 
variables as possible since there is no methodology to test teeth prior to in vivo radiotherapy. 
While an in vitro attempt was made in order to mimic the radiated oral cavity, it is important 
to note that the oral environment is continually changing particularly when undergoing 
radiation treatment causing changes in pH and salivary function, posing a limitation. Earlier 
studies have reported a decrease in salivary function within the first week of radiotherapy 
which continues throughout treatment (Dreizen et al. 1976; Marks et al. 1981; Deasy et al. 
2010). Following just a single fraction of the radiation treatment course, a reduction in 
salivary flow was noted (Leslie and Dische 1994). Thus, in order to mimic the decreased 
intraoral moisture conditions experienced by patients, rather than fully submerging tooth 
specimens in PBS, a humid environment was generated by placing a small volume of PBS 
storage solution within the vial. Although drying can affect mechanical properties of tooth 
specimens (Lewis and Nyman 2008), the specimens in this study were moist throughout 
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storage and testing. In addition to moisture level, the storage solution utilized was PBS, 
which has been shown to not significantly alter mechanical properties (Sultana et al. 2006; 
Anjum et al. 2009). Simulated radiotherapy was conducted at room temperature; however, 
following radiotherapy, teeth were stored at 4°C to prevent bacterial contamination and 
stabilize specimens before analyses in order to optimize the evaluation of radiation-induced 
effects only. While the use of tooth sections does not directly simulate radiation of teeth in 
patients, this method permitted the measurement of mechanical and chemical properties 
before and after radiation at the same quantifiable sites 30 µm and 500 µm away from the 
DEJ in both enamel and dentin. Furthermore, the in vitro aspect of the study included teeth 
from 18-20 year olds, and although oral cancer patients are not typically 18-20 year olds, 
third molars from patients in that age range were used in order to control other potential 
confounding variables such as patient age and tooth type.  
As mentioned previously, the inconsistent results between the in vitro and in vivo 
radiation groups may be due to the in vitro model not being able to accurately replicate the 
clinical course of post-radiation dentition breakdown. Teeth in the in vivo group remained in 
the patient’s mouth throughout and after radiotherapy allowing time for a radiation activated 
MMP-catalyzed degradation to occur. On the other hand, the teeth in the in vitro group were 
extracted prior to simulated radiotherapy, thus the enzymes triggering the degradation 
process within the tooth may not have been able to be activated in the non-vital tooth. 
Instead, a direct effect of radiation possibly due to radiolysis may have occurred within the in 
vitro group. However, it is important to note that post-radiation dentition breakdown is a 
multi-factorial problem resulting from possible direct radiolysis or indirect enzyme-catalyzed 
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degradation of the enamel organic matrix as well as radiation-induced salivary gland damage 
and subsequent xerostomia. 
 The in vivo aspect of this study had a small sample size of five due to the difficulty in 
obtaining specimens. Considering that tooth extraction is a last resort in terms of clinical 
care, this limits the number of teeth that can be collected post-radiotherapy to a small 
population of oral cancer patients. Furthermore, by the time the extraction occurs, the teeth 
are often too deteriorated to be useful for mechanical or chemical property analyses. 
Future Investigations 
 Future studies are necessary to determine the cause of the reduced protein/mineral 
ratio following both in vitro and in vivo radiation. Supplementary techniques such as collagen 
cross-linking analyses, X-ray diffraction, nuclear magnetic resonance spectroscopy, and 
protein-specific biochemical analyses such as Western blotting and in situ zymography may 
be necessary to determine certain chemical or biological changes that could be 
mechanistically linked to the decreased protein/mineral ratio and concomitant increased 
modulus and hardness following radiation. Specifically, in situ zymography would be useful 
technique to localize MMP activity within teeth in order to further support the hypothesis of 
a radiation-activated MMP-catalyzed degradation in the enamel organic matrix. Moreover, 
finite element modeling could be used to demonstrate how altered mechanical properties 
following radiation would affect the stress distribution of the enamel-dentin interface. 
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CHAPTER 5 
CONCLUSIONS 
1. Following simulated in vitro radiation treatment and in vivo radiation therapy, 
mechanical properties significantly increased in both enamel and dentin. 
2. Following simulated in vitro radiation treatment and in vivo radiation therapy, the 
chemical composition of enamel and dentin changed. 
3. Following simulated in vitro radiation treatment there were no significant correlations 
between the change in mechanical properties and chemical composition. However, 
there was a significant correlation (0.93) between modulus and carbonate/phosphate 
ratio at the E-30 site following in vivo radiation therapy.  
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